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ABSTRACT 
 
 Transmission of influenza A virus (IAV) from humans to swine occurs with relative 
frequency and is a critical contributor to swine IAV diversity. Subsequent to the introduction 
of these human seasonal lineages, there is often reassortment with endemic viruses and 
antigenic drift. To address whether particular genome constellations contributed to viral 
persistence following the introduction of the 2009 H1N1 human pandemic virus to swine in 
the USA, we collated and analyzed 616 whole genomes of swine H1 isolates.  For each gene, 
sequences were aligned, the best-known maximum likelihood phylogeny was inferred, and 
each virus was assigned a clade based upon its evolutionary history. A time-scaled Bayesian 
approach was implemented for the hemagglutinin (HA) gene to determine the patterns of 
genetic diversity over time. From these analyses, we observed an increase in genome 
diversity across all H1 lineages and clades, with the H1-γ and H1-δ1 genetic clades 
containing the greatest number of unique genome patterns. We documented 74 genome 
patterns from 2009 to 2016, of which 3 genome patterns were consistently detected at a 
significantly higher level than others across the entire time period. Eight genome patterns 
increased significantly while 5 genome patterns were shown to decline in detection over time. 
Viruses with genome patterns identified as persisting in the U.S. swine population may 
possess a greater capacity to infect and transmit in swine. This study highlights the emerging 
genetic diversity of U.S. swine IAV from 2009 to 2016 with implications for swine and 
public health and vaccine control efforts. 
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CHAPTER 1.  LITERATURE REVIEW 
 
Influenza A viruses (IAV) have impacted agricultural production, animal and public 
health throughout history. Influenza A virus is negative sense single stranded RNA virus with an 
eight-segmented genome encoding 11 proteins. The genome segments are Polymerase basic 
protein 2 (PB2), Polymerase basic protein 1 (PB1), Polymerase acid protein (PA), 
Hemagglutinin (HA), Nuclear protein (NP), Neuraminidase (NA), Matrix protein (M) and 
Nonstructural protein (NS). The HA and NA and glycoprotein embedded in the envelope of the 
virion and are responsible for antigenicity and subtype. The rest of the six segments are defined 
as internal genes. Figure 1 is a representation of the viral genome composition. Currently, there 
are two major HA subtypes (H1, H3) and two major NA subtypes (N1, N2) circulating in the U.S. 
swine population. This study focused on the H1-HA subtypes as the H3 subtype genomes have 
been studied previously [1].  
 
Figure 1. The visualization of influenza virus genome. 
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The first swine IAV isolated was found to be closely related to the 1918 H1N1 
pandemic [2]. Classified as classical swine lineage, this lineage remained relatively stable in the 
U.S. swine population until late 1990s [3]. In 1998, a triple-reassorted virus containing segments 
from avian, classical swine and human IAV was introduced into the U.S. swine population and 
continued to reassort with the pre-existing viruses, creating a new TRIG (triple-reassortant) 
lineage [3]. The 2009 H1N1 swine-origin pandemic virus spread rapidly among humans, causing 
the first pandemic in over 40 years. Although the immediate origin of this virus was swine 
populations, it contained genes derived from avian, human, and swine influenza A virus (IAV) 
lineages [4]. In the human population the H1N1pdm09 replaced the previous seasonal H1N1, but 
in US swine populations, it is detected only at low levels through repeated human-to-swine 
transmission. Despite seemingly low prevalence in swine, we provide evidence that the 
H1N1pdm09 virus reassorted with endemically circulating swine H1 IAV, generating novel 
genome combinations. Some of these novel genome combinations increased in frequency, 
whereas others decreased or ceased to be detected. We identified important changes in swine 
IAV diversity, which may aid in vaccine selection for swine and for human pandemic 
preparedness. 
Biology of Influenza Virus 
Influenza A viruses, together with influenza B and C, belong to the Orthomyxoviridae 
family. IAV is classified into 18 HA subtypes (H1-H16) and 11 NA (N1-N9) based on the 
antigenicity of the HA and NA genes. The IAV virion is enveloped with host-derived lipid 
bilayer with HA, NA and M2 proteins embedded. Each virion also includes an inner shell of M1 
proteins and the nucleocapsid of the viral genome. The HA and NA are recognized as exterior 
genes due to location and the rest are classified as internal genes [5]. 
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Three proteins are classified as the polymerase genes, PB2, PB1 and PA. Those protein 
trimerize into the polymerase. The PB2 subunit contains the viral RNA-dependent RNA 
polymerase activity. It recognizes and binds to 5’ cap of host pre-mRNAs during the initiation of 
viral transcription. PB1 cleaves cellular pre-mRNAs creating primers and assists the elongation 
process. PA is part of transcription and replication complexes [5].  
Hemagglutinnin (HA) is one of the two major glycoprotein surface antigens of the 
influenza virion. It is responsible for virions binding to cell receptors and meditating fusion of 
the virion envelope with the endosomal membrane [5]. Nucleoprotein (NP) binds to and 
encapsidates viral RNA and is associated with controlling RNA synthesis. The second major 
surface antigen-determinant glycoprotein is Neuraminidase (NA). It is responsible for reversing 
the binding of HA to sialic acid residues from host cellular surface glycoproteins or glycolipids. 
Its receptor destroying function allows viruses to release themselves from host cell [5].  
The M1 protein is the most abundant viral protein in the virion. M1 proteins form a shell 
in between the nucleocapsid and the viral envelope. M1 protein also interacts with NS2 protein. 
The M2 protein is an internal membrane protein that protects HA conformation. It functions as 
an ion channel that facilitates release of nucleocapsids from the virion. The ion channel consists 
of four M2 units and is activated by low pH. Its selective ability to allow proton to enter the 
interior of the virion during acidification with the endosome. The low pH weakens the 
interaction of the M1 protein with viral nucleocapsids, facilitating their release into the 
cytoplasm upon membrane fusion. That activity is essential for virus uncoating and maturation 
[5].  
The nonstructural protein 1 (NS1) functions as an enhancer of viral mRNA translation by 
inhibiting pre-mRNA splicing, cellular mRNA polyadenylation. NS1 also suppresses host 
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cellular antiviral pathways by inhibition of the host RNA-dependent protein kinase (PKR). 
Nonstructural protein 2 (NS2) forms a complex with matrix protein M1 and directs nuclear 
export of viral nucleocapsids [5].   
 There major sources of evolution for influenza A virus include mutation, selection 
pressure and reassortment. Reassortment is the process of mixing genetic materials into new 
combinations in different individuals. That process is commonly observed in influenza viruses, 
whose genome consist of eight segments. When a single host is infected by multiple strains of 
influenza viruses, newly assembled viral particles may be created from the process of segments 
mixing and forming new combinations. Reassortment is the main source of genetic shifts of 
influenza and is responsible for the emergence of several pandemics [4].   
Major Influenza Pandemics 
Influenza A viruses have been responsible for several global pandemics. The 1918 H1N1 
pandemic (“Spanish Flu”) caused over 50 million deaths worldwide. Genomic sequencing 
revealed that the 1918 H1N1 virus was to be an avian-like H1N1 [6]. In 1957, a H2N2 influenza 
pandemic (“Asian Influenza”) emerged in Southern China and it spread to Singapore and Japan 
then worldwide, causing an estimated 70,000 deaths. The H2N2 pandemic was recognized as a 
human-avian reassortment event. Avian H2N2 subtypes and PB1 genes were introduced into 
human seasonal H1N1 influenza viruses [7]. In 1968, an avian-origin H3 HA gene reassorted 
with the H2N2 generating a new H3N2 influenza pandemic. This pandemic was first isolated in 
Hong Kong; it resulted in over 30,000 estimated deaths in the US [7]. In 1977, an influenza 
outbreak was reported in China and affected the northern hemisphere. The virus was identified as 
a re-emerence of the H1N1 that resembled the viruses circulated in the 1950s. No reassortment 
  
5 
with H3N2 was found in that outbreak. However in 2001, H1N1 viruses reassorted with H3N2 
resulting in short-lived outbreaks of H1N2 in human populations [8].  
Human seasonal influenza viruses have great impacts on swine. Transmission of 
influenza viruses to swine has been reoccurring globally [9]. In 1918, swine IAV was first 
recognized in pigs and proved to be coincident with the “Spanish flu” [10]. Several human 
influenza lineages have become major endemic lineages in swine after the introduction into 
swine populations. Examples includes the human-origin H3N2 viruses into European swine 
population in the 1970s [11] and the human H3, N2 and PB1 associated with triple-reassortant 
viruses identified in North American swine in 1998 [3]. One noticeable human lineage 
introduction into swine was the 2009 H1N1 pandemic virus. The H1N1pdm09 virus was 
originated from swine and first detected in human. After established in the human population, it 
was transmitted back to swine population [4].  
Evolution of US Swine Influenza: classical to triple-reassortant 
The disease of influenza was first identified in pigs in the United States in 1918 and the 
virus was first isolated in 1930. The virus was recognized as being similar to the 1918 H1N1 
“Spanish flu”. This viruse evolved to become the classical swine lineage [2]. From first 
recognition until late 1990s, the classical swine H1N1 lineage was the predominant lineage 
causing diseases in pigs and was relatively stable at genetic and antigenic levels in the U.S. 
swine [12].  
The genomic diversity of swine IAV changed drastically after the introduction of a novel 
triple-reassortant (TRIG) H3N2 virus into the swine population in 1997-1998 [3]. In 1998, a 
severe influenza-like disease was observed in pigs in North Carolina, as well as in Minnesota, 
Iowa and Texas. Two genotypes of H3N2 viruses were later identified, marking the introduction 
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of double-reassortant H3N2 and triple-reassortant H3N2 into the US swine. The viruses isolated 
in North Carolina contained double-reassortant genes from classical swine lineage (PB2, PA, NP, 
M, NS) and human seasonal lineage (PB1, HA, NA). The viruses isolated from Minnesota, Iowa 
and Texas contained triple-reassorted genes from classical swine lineage (NP, M, NS), the 
human seasonal lineage (PB1, HA, NA) and additional avian segments (PB2, PA) [3]. By the 
end of 1999, the triple-reassorted H3N2 spread out across the U.S., whereas the double-
reassorted H3N2 did not spread broadly and quickly disappeared [3, 13].  
The triple-reassortant H3N2 became endemic in the swine population and further 
reassorted with the co-circulating classical H1N1. The classical internal gene segments together 
with HA and NA were replaced by the TRIG genes. H1N2 viruses were resulted from 
reassortment of classical HA gene and NA and TRIG from the triple-reassortant H3N2 viruses 
[14, 15].  
In the early 2000s, two separate HA genes from the human seasonal H1N2 were 
introduced into the US swine population. The two human HA genes were genetically and 
antigenically distinct from the classical swine lineage. Two clusters H1-δ1 and H1-δ2 were 
named according to the two separate introductions [16]. A human seasonal NA-N2 was likely to 
be carried into the U.S. swine during the spillover of the early 2000s. The NA-N2 gene was then 
classified into two lineages based on the introduction year: N2-1998 from the earlier H3N2 
introduction and N2-2002 from later introduction [17].  
The evolutionary dynamics of swine influenza in the U.S. changed after the acquisition of 
TRIG. An increase rate of mutation was noticed in the HA gene of viruses with H1 subtype. 
Viruses from classical H1N1 lineage-HA evolved to three clusters (H1-α, H1-β and H1-γ) after 
acquisition from the TRIG cassette. Meanwhile, the TRIG internal gene constellation was 
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maintained and is used to describe genes descended from this evolutionary lineage. Nowadays, 
multiple subtypes with the TRIG remain endemic and co-circulating in the U.S. swine 
populations until the H1N1pdm09 emerged [18].  
2009 H1N1 Pandemic 
In early 2009, pigs infected with 2009 pandemic H1N1 was first reported in the U.S. in 
Indiana in November 2009 [19]. A new H1N1 influenza virus was reported in Mexico and 
subsequently spread across the world at a high rate shortly after [4]. This novel H1N1 pandemic 
virus contained reassorted gene segments from two lineages: PB2, PB1, PA, HA, NP, and NS 
segments from TRIG viruses, and NA and M segments derived from the Eurasian-avian H1N1 
swine lineage [4, 20].  
Based on phylogenetic analysis, the 2009 pandemic H1N1 virus formed a distinct and 
independent branch from the U.S. swine lineage [4, 20], even though the HA gene of the 2009 
pandemic H1N1 is most closely related to the H1-γ within the classical HA lineage [21]. 
Compared to the classical H1N1 along with TRIG viruses, the 2009 pandemic H1N1 virus 
caused sustained human-to-human transmission [22]. Experiments studies demonstrated its 
capability of transmitting from human to swine [23] and swine to swine [24].  
Previous studies also demonstrated that the 2009 pandemic H1N1 is antigenically distinct 
from seasonal H1N1 [4]. Hemagglutinin-inhibition (HI) assays demonstrated limited serologic 
cross-reactivity with 2009 pandemic H1N1 human strains against sera from pigs immunized with 
prior 2008 viruses [25]. This suggested that prior exposure to some H1 subtypes may provide 
protection again 2009 pandemic H1N1 in pigs to some extent. Some people over the age of about 
60 appeared to have immunity against 2009 pandemic H1N1, suggesting that there may be some 
antigenically similar viruses circulated in the 1940s to 1950s [26]. The human H1N1 pandemic 
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viruses have been reported as repeatedly introduced to swine [27]. It is believed to have the 
potential to further change the epidemiology of influenza in both human and swine [28]. 
Current U.S. Swine IAV Evolutionary Dynamics 
A high amount of genetic variation in both genome patterns as well as genetic evolution 
of the surface glycoproteins has been observed in U.S. swine IAV within the past several years. 
Two lineages are observed in the HA gene: the H1-classical lineage, including cluster H1-α, H1-
β, H1-γ and H1-pdm; and the human-like H1 lineage, including cluster H1-δ1 and H1-δ2. In 
passive swine IAV surveillance from 2009 to 2014, H1-δ1 and H1-γ viruses were observed as 
the most abundant HA-clusters compared to others [18]. Two lineages are observed in the NA-
N1 subtype: N1-classical and N1-pdm. Two lineages are observed in the NA-N2 subtype: N2-
1998 and N2-2002. TRIG lineage was the predominant lineage for all six of the internal genes 
until the introduction of 2009 pandemic H1N1. Recent records have shown that the 2009 
pandemic H1N1 viruses have reassorted extensively with other co-circulating swine IAV and 
gradually replaced the dominant TRIG lineage internal genes, especially the pdm-lineage M gene 
[18]. Multiple studies have reported reassortment between endemic swine viruses and 
H1N1pdm09 [18, 29, 30].  
In 2009, the United States Department of Agriculture (USDA) initiated a national 
surveillance system for swine IAV and has since been collecting virus isolates and sequencing 
HA and NA genes [31]. The system provided an opportunity to study the evolutionary trends and 
variations in swine H1 IAV whole genomes.  
Goals of This Research 
In this work, we extended those analyses by collating and analyzing publicly available 
whole genome data from 2009 to 2016 and we analyzed these full genomes to identify the 
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emergence, persistence, or extinction of whole genome constellations over time. First, we wanted 
to quantify the increase of U.S. swine IAV genome diversity after the reassortment of 2009 
pandemic H1N1. Then we intended to identify the genome patterns with greater abundance than 
the others across the 8 years and in every year. We also attempted to recognize genome patterns 
that increased or decreased significantly during the entire study period. By focusing more on the 
abundant and increasing genome patterns and less on the decreasing genome patterns, the 
analysis may provide the basis for numerous experimental studies examining genetic and 
molecular bases fitness of influenza A virus fitness. This study provides a better understanding 
of the virus epidemiology and brings more insight to help prevent the influenza disease in swine 
and in human populations.  
Approaches 
 Phylogenetic methods including maximum likelihood phylogeny and time-scaled 
Bayesian phylogeny were used to verify the increase of swine 
IAV genome and HA gene diversity. Maximum likelihood 
phylogeny and Bayesian phylogeny are broadly applied across 
various fields of biology. Among prior studies of swine IAV 
reassortment published recently, those two methods were the 
broadly applied [9, 18, 31]. As the method is powerful and 
efficient, we used Maximum likelihood phylogeny to classify 
the lineages and clades of each gene segment. The genome 
patterns information was obtained from the results of the 
Maximum likelihood phylogeny. We also want to study the 
Data	
Preparation
Stats	
Analysis
Maximum	
Likelihood	
Phylogeny
Bayesian	Tree	
of	HA	
GLM-
Poisson Clustering
Figure 2. The workflow of the analysis process
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evolution of HA gene in the evident of time scale, thus the time scaled Bayesian analysis is very 
efficient and suitable. To generate more accurate trees, we have aligned the sequences, removed 
duplicate sequences and processed the alignment by trimming the sequences into coding region 
prior to phylogenetic studies.   
Maximum likelihood phylogeny using the rapid bootstrapping algorithm under GTR-was 
used to classify the lineage information for each gene segment separately, as each gene segment 
evolves differently. J-Model test [32] was used to verify the optimum nucleotide substitution 
model for each gene segments. Generalized time-reversible (GTR) nucleotide substitution model 
assumes a symmetric nucleotide substitution matrix. It allows each pair of nucleotide 
substitutions to occur at different rates and nucleotides can occur at different frequencies [33]. 
The GTR model is suitable to be applied to the highly diverse swine IAV genome data. From the 
model testing results, GTR appeared to be most suitable model for most of the gene segments 
including HA and NA. For the gene segments that GTR did not result to the most optimum 
model, we compared the tree topology of trees generated using GTR and trees generated using 
the models selected by J-Model test. The comparison demonstrated that the GTR model did not 
influence the lineage assignment of those gene segments. Thus, to be consistent of the procedure, 
we selected GTR to be the substitution model for the Maximum Likelihood phylogenic trees of 
all gene segments. The rapid bootstrapping algorithm provides evaluation of the reliability of the 
inferred tree. A bootstrap value of 70 is often considered as the threshold for good confidence 
[34]. Application of bootstrapping provided the confidence for lineage classification of each 
gene segment.  
Time-scaled Bayesian phylogeny of the HA gene was implemented to compare the 
temporal dynamics of the HA genes associated with each identified genome constellation. A 
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relaxed uncorrelated lognormal molecular clock and Coalescent Bayesian Skyline demographic 
model with GTR nucleotide substitution model were employed. Based on the prior probabilities 
of sample collection time, Bayesian inference of phylogeny uses a likelihood function to create 
the posterior probability of trees using a model of evolution. Those parameters were selected 
based on results of model comparison. We selected all the parameters available in the software 
and computed the Bayes factors respectively. The test dataset was generated by subsampling 
from sequences with respect to proportion in each H1 lineage. After comparing the Bayes factors, 
we decided the final parameters used in the following Bayesian phylogenetic trees. Since the 
collection time can be incorporated into the phylogenic trees, after labeling each HA tips with its 
genome pattern information obtained from maximum likelihood phylogeny, time-scaled 
Bayesian trees provided a better way of visualizing the increase of swine H1 IAV genome 
diversity over the study period and association of genome pattern with HA lineages.  
Statistics methods were implemented to provide more confidence of the change in H1 
swine IAV genome diversity. The data used in this study were the counts of genome patterns in 
each year and overall. Thus, it is reasonable to assume the data followed a Poisson distribution. 
Since the genome pattern count data was structured to be a collection of 8 lists of count data, one 
list for each year from 2009-16, clustering methods were used for selecting genome patterns with 
greater abundance overall and in each year. Generalized linear model (GLM) with factors 
including the count of genome patterns, collection year and the interactions between the count 
and the collection year was used for identifying genome patterns with significant increase or 
decrease.  
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Thesis Organization 
This thesis contains three individual chapters. Chapter 1 is an introduction and literature 
review. Chapter 2 is a journal article submitted to Journal of General Virology, now under 
revision. It included the complete analysis of the genome diversity of U.S swine influenza from 
2009 to 2016. Chapter 3 is the conclusions and future directions. It includes the research plans 
following on the work in Chapter 2. 
My contribution of this research study included data preparation, the phylogenetic and 
statistical analyses, conclusions and writing.  
 
REFERENCES 
1. Shope RE. SWINE INFLUENZA : III. FILTRATION EXPERIMENTS AND 
ETIOLOGY. The Journal of Experimental Medicine 1931;54(3):373-385. 
 
2. Zhou NN SD, Landgraf JS, et al. . Genetic Reassortment of Avian, Swine, and Human 
Influenza A Viruses in American Pigs.  1999. 
 
3. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S et al. Antigenic and genetic 
characteristics of swine-origin 2009 A(H1N1) influenza viruses circulating in humans. Science 
2009;325(5937):197-201. 
 
4. Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. Evolution and 
ecology of influenza A viruses. Microbiological Reviews 1992;56(1):152-179. 
 
5. Taubenberger JK, Reid AH, Krafft AE, Bijwaard KE, Fanning TG. Initial Genetic 
Characterization of the 1918 “Spanish” Influenza Virus. Science 1997;275(5307):1793-1796. 
 
6. Neumann G, Noda T, Kawaoka Y. Emergence and pandemic potential of swine-origin 
H1N1 influenza virus. Nature, 10.1038/nature08157 2009;459(7249):931-939. 
 
7. Nakajima K, Desselberger U, Palese P. Recent human influenza A (H1N1) viruses are 
closely related genetically to strains isolated in 1950. Nature, 10.1038/274334a0 
1978;274(5669):334-339. 
 
8. Nelson MI, Gramer MR, Vincent AL, Holmes EC. Global transmission of influenza 
viruses from humans to swine. J Gen Virol 2012;93(Pt 10):2195-2203. 
  
13 
 
9. J.S K. A practical method for field diagnosis of swine diseases. Am J Vet Med 
1919;14:468-470. 
 
10. Brown IH. History and Epidemiology of Swine Influenza in Europe. In: Richt JA, 
Webby RJ (editors). Swine Influenza. Berlin, Heidelberg: Springer Berlin Heidelberg; 2013. pp. 
133-146. 
 
11. Lorusso A, Vincent AL, Gramer MR, Lager KM, Ciacci-Zanella JR. Contemporary 
Epidemiology of North American Lineage Triple Reassortant Influenza A Viruses in Pigs. In: 
Richt JA, Webby RJ (editors). Swine Influenza. Berlin, Heidelberg: Springer Berlin Heidelberg; 
2013. pp. 113-131. 
 
12. Webby RJea. Evolution of Swine H3N2 Influenza Viruses in the United States.  2000. 
 
13. Gramer MR, editor. 38th Annual Meeting of the American Association of Swine 
Veterinar- ians2007; Orlando, FL. 
 
14. Webby RJ, Rossow K, Erickson G, Sims Y, Webster R. Multiple lineages of 
antigenically and genetically diverse influenza A virus co-circulate in the United States swine 
population. Virus Research 2004;103(1–2):67-73. 
 
15. Vincent AL, Ma W, Lager KM, Gramer MR, Richt JA et al. Characterization of a 
newly emerged genetic cluster of H1N1 and H1N2 swine influenza virus in the United States. 
Virus Genes 2009;39(2):176-185. 
 
16. Nelson MI, Lemey P, Tan Y, Vincent A, Lam TT et al. Spatial dynamics of human-
origin H1 influenza A virus in North American swine. PLoS Pathog 2011;7(6):e1002077. 
 
17. Anderson TK, Campbell BA, Nelson MI, Lewis NS, Janas-Martindale A et al. 
Characterization of co-circulating swine influenza A viruses in North America and the 
identification of a novel H1 genetic clade with antigenic significance. Virus Res 2015;201:24-31. 
 
18. Lowe JF P-MS, Augsberger DM, Gramer MR. Clinical presentation and diagnosis of 
2009 pandemic H1N1 influenza in two commercial swine herds located in the Midwestern 
United States.  Proceedings of the neglected influenza virus symposium; Feb, 2010; Amelia 
Island, Florida2010. 
 
19. Smith GJ, Vijaykrishna D, Bahl J, Lycett SJ, Worobey M et al. Origins and 
evolutionary genomics of the 2009 swine-origin H1N1 influenza A epidemic. Nature 
2009;459(7250):1122-1125. 
 
20. Lorusso A, Vincent AL, Harland ML, Alt D, Bayles DO et al. Genetic and antigenic 
characterization of H1 influenza viruses from United States swine from 2008. J Gen Virol 
2011;92(Pt 4):919-930. 
  
14 
 
21. Nelson, M. I., & Vincent, A. L. (2015). Reverse zoonosis of influenza to swine: new 
perspectives on the human-animal interface. Trends in Microbiology, 23(3), 142–153.  
 
22. Howden KJ, Brockhoff EJ, Caya FD, McLeod LJ, Lavoie M et al. An investigation 
into human pandemic influenza virus (H1N1) 2009 on an Alberta swine farm. The Canadian 
Veterinary Journal 2009;50(11):1153-1161. 
 
23. Lange E, Kalthoff D, Blohm U, Teifke JP, Breithaupt A et al. Pathogenesis and 
transmission of the novel swine-origin influenza virus A/H1N1 after experimental infection of 
pigs. Journal of General Virology 2009;90(9):2119-2123. 
 
24. Vincent AL, Lager KM, Faaberg KS, Harland M, Zanella EL et al. Experimental 
inoculation of pigs with pandemic H1N1 2009 virus and HI cross-reactivity with contemporary 
swine influenza virus antisera. Influenza and Other Respiratory Viruses 2010;4(2):53-60. 
 
25. Hancock  K, Veguilla  V, Lu  X, Zhong  W, Butler  EN et al. Cross-Reactive Antibody 
Responses to the 2009 Pandemic H1N1 Influenza Virus. New England Journal of Medicine 
2009;361(20):1945-1952. 
 
26. Nelson MI, Stratton J, Killian ML, Janas-Martindale A, Vincent AL. Continual 
Reintroduction of Human Pandemic H1N1 Influenza A Viruses into Swine in the United States, 
2009 to 2014. J Virol 2015;89(12):6218-6226. 
 
27. York I, Donis RO. The 2009 Pandemic Influenza Virus: Where Did It Come from, 
Where Is It Now, and Where Is It Going? In: Richt JA, Webby RJ (editors). Swine Influenza. 
Berlin, Heidelberg: Springer Berlin Heidelberg; 2013. pp. 241-257. 
 
28. Nelson MI, Detmer SE, Wentworth DE, Tan Y, Schwartzbard A et al. Genomic 
reassortment of influenza A virus in North American swine, 1998-2011. J Gen Virol 2012;93(Pt 
12):2584-2589. 
 
29. Vijaykrishna D, Poon LL, Zhu HC, Ma SK, Li OT et al. Reassortment of pandemic 
H1N1/2009 influenza A virus in swine. Science 2010;328(5985):1529. 
 
30. Anderson TK, Nelson MI, Kitikoon P, Swenson SL, Korslund JA et al. Population 
dynamics of cocirculating swine influenza A viruses in the United States from 2009 to 2012. 
Influenza Other Respir Viruses 2013;7 Suppl 4:42-51. 
 
31. Posada D. jModelTest: Phylogenetic Model Averaging. Molecular Biology and 
Evolution 2008;25(7):1253-1256. 
 
32. Lanave C, Preparata G, Saccone C, Serio G. A new method for calculating 
evolutionary substitution rates. J Mol Evol 1984;20(1):86-93. 
 
  
15 
33. Hillis DM, Bull JJ. An Empirical Test of Bootstrapping as a Method for Assessing 
Confidence in Phylogenetic Analysis. Systematic Biology 1993;42(2):182-192. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
16 
CHAPTER 2: THE GENOMIC EVOLUTION OF H1 INFLUENZA A VIRUSES FROM 
SWINE DETECTED IN THE UNITED STATES BETWEEN 2009 AND 2016 
 
 
A paper under revision for publication in Journal of General Virology 
 
Shibo Gao1,2,3, Tavis K. Anderson3, Rasna R. Walia3, Karin S. Dorman1,4, Alicia Janas-
Martindale5, Amy L. Vincent3#  
 
1Bioinformatics and Computational Biology Program, Iowa State University, Ames, IA, USA; 
2Department of Genetics, Development and Cell Biology, Iowa State University, Ames, IA, USA; 
3Virus and Prion Research Unit, National Animal Disease Center, USDA-ARS, Ames, IA, USA; 
4Department of Statistics, Iowa State University, Ames, IA, USA; 5National Veterinary Services 
Laboratories, USDA-APHIS, Ames, IA, USA. 
 
 Abstract 
Transmission of influenza A virus (IAV) from humans to swine occurs with relative 
frequency and is a critical contributor to swine IAV diversity. Subsequent to the introduction of 
these human seasonal lineages, there is often reassortment with endemic viruses and antigenic 
drift. To address whether particular genome constellations contributed to viral persistence 
following the introduction of the 2009 H1N1 human pandemic virus to swine in the USA, we 
collated and analyzed 616 whole genomes of swine H1 isolates. For each gene, sequences were 
aligned, the best-known maximum likelihood phylogeny was inferred, and each virus was 
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assigned a clade based upon its evolutionary history. A time-scaled Bayesian approach was 
implemented for the hemagglutinin (HA) gene to determine the patterns of genetic diversity over 
time. From these analyses, we observed an increase in genome diversity across all H1 lineages 
and clades, with the H1-γ and H1-δ1 genetic clades containing the greatest number of unique 
genome patterns. We documented 74 genome patterns from 2009 to 2016, of which 3 genome 
patterns were consistently detected at a significantly higher level than others across the entire 
time period. Eight genome patterns increased significantly while 5 genome patterns were shown 
to decline in detection over time. Viruses with genome patterns identified as persisting in the 
U.S. swine population may possess a greater capacity to infect and transmit in swine. This study 
highlights the emerging genetic diversity of U.S. swine IAV from 2009 to 2016 with 
implications for swine and public health and vaccine control efforts. 
Keywords: H1N1, H1N2, swine, influenza A virus, virus evolution, molecular epidemiology  
Introduction 
Influenza A viruses (IAV) endemic in swine impact agricultural production and are an 
important animal and public health pathogen. In addition to strains adapted to the swine host, 
pigs may be infected by avian or human IAV, potentially leading to gene reassortment and the 
generation of novel strains. This process may play a role in the emergence of epidemic or 
pandemic strains in swine and human populations [1, 2]. Reassortment played a role in the 
evolution of the 2009 H1N1 human pandemic (H1N1pdm09; pdm-lineage), an IAV that 
contained a classical swine H1; PB2, PB1, PA, NP, and NS segments from North American 
triple-reassortant (TRIG or T) swine viruses, and NA and M segments derived from the 
Eurasian-avian H1N1 swine lineage [3, 4]. This pandemic underscored the need to understand 
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the diversity and evolution of IAV in swine populations to inform animal and human health 
initiatives.  
The diversity of IAV observed in swine populations is the result of the introduction of 
novel strains from other hosts, primarily humans, and reassortment with endemic viruses [5, 6]. 
Consequently, each of the eight genes of swine IAV may be attributed to lineages based on 
avian, human, or swine origin. An example of this process occurred in the late 1990s when a 
novel triple-reassortant H3N2 virus was identified throughout the swine population in the U.S. 
[7]. This H3N2 rapidly spread through the U.S. swine population, reassorting with endemic H1 
viruses, typically exchanging HA and NA genes, but the triple reassortant internal gene (TRIG) 
constellation was maintained and is used to describe genes descended from this evolutionary 
lineage [8]. The origin of the HA gene reflects a similar dynamic, whereby the two major H1 HA 
lineages are the result of human-to-swine transmission and subsequent reassortment and drift [9]. 
The first HA lineage emerged coincident with the 1918 human pandemic, and genes from this 
lineage are colloquially named “classical-swine.” The viruses in this lineage further evolved to 
one of five phylogenetic clades (H1-α, H1-β, H1-γ, and H1N1pdm09) [7, 9]. The second HA 
lineage was the result of two separate introductions of human seasonal H1 viruses into swine in 
the early 2000s and are named H1-δ1 and H1-δ2 viruses [10]. This early 2000s spillover likely 
carried a human seasonal NA N2 into the U.S. swine population resulting in the delineation of 
the N2 gene by year: “1998” genes from the earlier H3N2 introduction, versus “2002” from the 
2000s human seasonal H1 introduction [11]. A more recent lineage descriptor for swine IAV in 
the U.S. is the result of the introduction of H1N1pdm09. Though this virus has genes derived 
from the classical, triple reassortant, and Eurasian swine lineages, its rapid dissemination and 
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repeated reintroduction to swine populations [12] resulted in unique genetic clades that are 
named H1N1pdm09 (or pdm-lineage). 
One of the more striking patterns observed in swine H1 in the past 15 years is the amount 
of genetic diversity maintained within the H1 HA genes. In passive swine IAV surveillance from 
2009-2014, 87% of the H1 viruses in North America consisted of H1-δ1 and H1-γ viruses, and 
the remaining 13% consisted of 5 clades representing between 0.2% and 5% of the collected 
samples [9]. Similarly, in active surveillance, there is considerable variation in the detection of 
the different H1N1 and H1N2 subtypes [13, 14] and in the detection of the different HA genetic 
clades [15]. Explanations for this variation have been attributed to swine production practices 
and ecology, host immunity, or virus biology. Vaccination programs may decrease the 
abundance of homologous but not heterologous strains [16] and production practices may 
facilitate migration of some strains due to inter-state swine movement [11]. Further, reassortment 
was also associated with antigenic evolution in the swine host [17].   
In 2009, the United States Department of Agriculture (USDA) initiated a national 
surveillance system for swine IAV, collecting virus isolates and sequencing HA, NA, and M 
genes [18]. A subset of viruses maintained in the USDA IAV repository were also selected for 
whole genome sequencing. To date, the surveillance system has collected and contributed whole 
genomes of over 600 H1 viruses from 22 states to NCBI’s GenBank over the past 6 years. These 
data provide the opportunity to study the evolutionary trends and variation of swine H1 IAV 
whole genomes. Prior studies have reported reassortment between endemic swine viruses and 
H1N1pdm09 [18-21]. In this work, we extended those analyses by collating and analyzing 
publicly available whole genome data from 2009 to 2016. We analyzed these full genomes to 
identify the emergence, persistence, or extinction of whole genome constellations over time. 
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Results 
Abundance of whole genome patterns from 2009 to 2016  
A total of 741 whole genome sequences were collected; of these, 125 genomes were not 
unique, and were removed from further analyses. Consequently, our analyses used 616 whole 
genomes of H1 swine IAV collected from 24 U.S. states from 2009 to 2016 (Table S1). Our HA 
phylogenetic analysis (Figure S1(d)) detected 7 different H1 clades: H1-γ (234 sequences), H1-
δ1 (217 sequences), H1N1pdm09 (65 sequences), H1-δ2 (58 sequences), H1-β (31 sequences), 
H1-α (8 sequences), and H1-γ2 (3 sequences). The NA phylogenetic analysis (Figure S1F, S1G) 
detected 4 NA lineages: N1-classical (255 sequences), N1-pdm (65 sequences), N2-1998 (46 
sequences), and N2-2002 (250 sequences). There were 16 HA+NA combinations detected within 
the data: the H1-γ/N1-classical pairing was the most abundant combination (225 detections), 
followed by H1-δ1/N2-2002 (211 detections), and H1N1pdm09/N1-pdm (63 detections).  
In addition to the clade designations of the surface genes, two lineages were found in the 
internal genes, TRIG (T) or pdm (P). These classifications, and that of the surface genes, were 
collated and labeled by lineage, color-coded, and presented with the number of detections from 
2009 to 2016 in Table 1. The abbreviation and presentation of genome patterns followed gene 
segment numbering of IAV with the HA and NA removed and stated separately, resulting in the 
order of PB2, PB1, PA, NP, M, and NS, e.g., H1-δ1N2-2002 TTTTPT has a δ1 HA, a 2002 NA, 
TRIG lineage PB2-PB1-PA-NP and NS, and a pdm M gene. There were 24 different 
combinations of internal genes. The most frequently detected internal gene combination was all 
TRIG internal genes except for a pdm matrix gene TTTTPT (146 detections), followed by the all 
TRIG internal gene combination TTTTTT (117 detections). The ratio of pdm-lineage versus 
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TRIG lineage varied among each gene. The matrix gene contained the largest percentage of pdm 
lineage genes (79%) and the PB1 gene had the smallest percentage of pdm lineage genes (13%).  
Seventy-four distinct whole genome patterns were detected among the viruses with 
published whole genome sequences, but only 19 genomes were observed more than 5 times 
during the 8 year period. There were 3 genome constellations occurring significantly more often 
than other genome constellations over the duration of the study period. Those genomes were H1-
δ1N2-2002 TTTPPT, H1-δ1N2-2002 TTTTPT and H1-γN1-classic TTPPPT (denoted by an 
asterisk in Table 1). 
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Table	1.	Genotypes	of	US	swine	IAV	genotype	isolated	collected	from	2009	to	2016	with	
abundance	over	5.	PB2,	PB1,	PA,	NP,	M	and	NS	segments	are	colored	based	upon	triple	
reassortant	internal	gene	(TRIG,	T)	or	H1N1pdm09	(P)	lineages.	The	HA	and	NA	genes	are	
defined	by	phylogenetic	clades	in	Figures	S1(d),	S1(d)	and	S1(g).	The	7	gene	combination	of	
internal	genes	and	NA	are	color	coded	in	the	NA+internal	column	for	visualizing	in	the	HA	
phylogenetic	trees	and	summary	graphs.	Asterisks	in	the	total	column	represent	genomes	
with	significant	detection	(p	≤	0.05)	over	the	8	years	of	this	study	period.	
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Among the 74 genome combinations that were detected, these were further distilled into 
47 NA+internal gene combinations to assess patterns by H1 clade. Only 16 of the 47 
NA+internal patterns occurred more than 5 times. The remaining 29 combinations were 
annotated as “miscellaneous.” Three NA+internal combinations occurred in multiple H1 clades: 
N1-classic TTTTTT occurred in both H1-β and H1-γ clades; N2-2002 TTTTPT and N2-2002 
TTTTTT occurred in both H1-δ1 and H1-δ2 clades. Each NA+internal combination was labeled 
by a specific color as described in Table 1 for further analyses described below.  
Temporal change in genome pattern abundance  
The number of viruses with whole genomes reported each year varied from 2009 to 2016, 
with 28 genomes reported in 2009, 43 in 2010, 123 in 2011, 76 in 2012, 119 in 2013, 70 in 2014, 
87 in 2015 and 70 in 2016. Time-scaled Bayesian phylogenetic trees of the HA genes were 
determined separately for classical (Figure 3(a)) and human-seasonal H1-δ lineages (Figure 
3(b)). The branches were colored based upon the NA+internal combinations presented in Table 
1. An increase in the number of genome patterns was demonstrated in viruses of both classical 
and the 2002 human seasonal spillover lineages, H1-δ, especially apparent after 2010. Within the 
classical H1 lineage, the H1-γ clade contained the greatest number of genome patterns with 16 
NA+internal patterns. The H1-α clade had the least, with 4 NA+internal patterns followed by 
H1- β with 9 NA+internal patterns. Although the H1-pdm was paired with 13 different 
NA+internal patterns, only N1-P PPPPPP had an abundance over 5. The H1-δ1 was paired with 
17 NA+internal combinations and the H1-δ2 with 12 NA+internal combinations (Figure 3(b)). 
The annual patterns of NA+internal gene combinations within each HA clades are shown in 
Figure 3. H1-δ1 and H1-γ viruses had the greatest number of genome patterns and were the most 
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frequently detected over each of the years during the study period. Genomes that incorporated at 
least one of the H1N1pdm09 internal genes became increasingly frequent from 2009 to 2016. 
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(a)
 
(b)
 
Figure 3. Phylogenetic relationships of HA genes from 616 swine influenza collected in the 
U.S. swine during 2009-2016. The maximum clade credibitly time-scaled Bayesian 
phylogeny trees for H1-classical lineage (a) and H1-delta lineage (b) are presented with the 
tips colored by the NA+internal constellation which represent the NA+internal patterns 
following the color scheme of Table 1. Only genome patterns with abundance greater than 
5 are shown. 
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Within the classical swine H1 lineage viruses, H1-γ viruses with the N1-classic TTPPPT 
were the most abundant NA+internal combination detected. This genome pattern increased from 
0 during 2009-2010 to 35 in 2011-2013 and 42 in 2014-2016. The second most abundant genome 
pattern in H1-γ viruses was N1-classic TTTTPT with 1 detection in 2009-2010, 17 in 2011-2013, 
and 22 in 2014-2016. The N1-classic TTTTTT pattern was detected in 37 H1-γ genomes during 
2009-2011, but there was a dramatic decrease with only 3 detections in 2012-2016. For H1-β 
viruses, the genome pattern N1-classic TTTTTT was present from 2009 to 2013 (19 detections), 
but rapidly declined, with no detections from 2013-2015 and only 2 detections in 2016. Within 
the H1N1pdm09 HA clade, the N1-P PPPPPP pattern was consistently detected from 2009 to 
2016.  
The number of NA+internal patterns detected within both δ clades increased after 2011, 
then decreased after 2013. Within the δ1 clade the N2-2002 TTTTPT was the most frequently 
detected increasing from 2 detections in 2009-2010, to 23 detections in 2011-2013, and 41 in 
2014 to 2016. The second most frequently detected NA+internal combination in δ1 viruses was 
N2-2002 TTTPPT, increasing from no detections in 2009-2010, to 43 in 2011-2013, and 16 
detections from 2014-2016. The third most abundant NA+internal combination was N2-2002 
TTTTTT with 7 during 2009-2010, to 30 in 2011-2013; however, this NA+internal combination 
was not detected after 2014. In the δ2 clade, the most frequently detected NA+internal 
combination was N2-1998 TTTTPT that increased from no detections during 2009-2012 to 17 
detections in 2013-2016.  
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Figure 4.  Annual patterns of NA+internal gene patterns within each H1 clade for US H1 
viruses, 2009 to 2016. H1 clades are represented in rows, divided by year of detection in 
columns. The bars represent NA+internal patterns with colors indicated in Table 1. 
Asterisks above bars indicate genome patterns that were significantly more abundant than 
other detected patterns from that particular year. 
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Among the 19 genome patterns occurring more than 5 times from 2009 to 2016, only 8 
genome patterns were shown to have a significant increase, whereas 5 patterns significantly 
decreased (Figure S2).The 8 increasing patterns were H1-δ1N2-2002 TTPPPT, H1-δ1N2-2002 
TTTTPT, H1-δ2N2-1998 TTTTPT, H1-δ2N2-2002 TTTTPT H1-γN1-classic TTPPPT, H1-γN1-
classic TTPTPT, H1-γN1-classic TTTPPT and H1-γN1-classic TTTTPT (Figure S2(a)). The 5 
decreasing patterns were mostly those with all TRIG internal genes: H1-βN1-classic TTTTTT, 
H1-delta1N2-2002TTTTTT, H1-γN1-classic TTTTTT, H1-δ2N2-1998 TTTTTT and H1-
delta1N2-2002TTPPPP (Figure S2(b)). There was no evidence to suggest that a particular 
genome pattern was dominant by the end of the study period.  
Spatial change in genome pattern abundance  
The dataset represented IAV genome sequences from 24 U.S. states. The average number 
of whole genomes per state was 26, although the number in each state varied (Figure S3). 
Midwestern states had the greatest number of genome patterns and the largest abundance of 
collected genome sets. There was variation in the number of genome patterns that occurred in 
each state with: South Dakota and Nebraska having 10 among 12 and 34 reported sequences; 
Oklahoma having 11 among 36 reported sequences; Ohio having 13 among 37 reported 
sequences; Indiana having 15 among 82 reported sequences; Illinois having 19 among 81 
reported sequences; North Carolina having 20 among 63 reported sequences; and Minnesota and 
Iowa having 23 among 72 and 105 reported sequences. States with whole genome sequence 
counts larger than the average 26 were included in Figure S3: Illinois, Indiana, Iowa, Minnesota, 
North Carolina, Ohio, Oklahoma and Nebraska. No genome patterns were significantly 
associated with specific states over the entire study period. 
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Discussion 
The human H1N1pdm09 has been repeatedly introduced to swine on a global scale since 
2009 [12], followed by observations of reassortment with endemic swine lineages. Monitoring 
reassortment and virus evolution at the genome level is crucial for understanding the evolution of 
different genotypes in the swine host and the phenotypic implications of the observed genome 
patterns. In this study, we identified the genome patterns of H1N1 and H1N2 collected from 
swine in the United States from 2009 to 2016. Similar studies with H3N2 viruses from U.S. 
swine populations have been previously reported [6, 22], but a comprehensive analysis of H1 
IAV was lacking. Among the 616 unique genome sets for H1N1 and H1N2 viruses, 74 whole 
genome patterns and 47 NA+internal patterns were identified. All H1 and NA lineages and 
phylogenetic clades found in this dataset were previously reported [9]. Our data demonstrate an 
increase in the number of genome patterns detected within all H1 lineages and across most 
clades, with this being most pronounced after 2011(Figure 4).  
Out of the 74 genome combinations detected between 2009-2016 in the United States, 19 
genome patterns occurred more than 5 times. However, only 3 were consistently detected and 
significantly more abundant than other genome patterns throughout the 8-year study period, 
suggesting a possible selective advantage for those genome constellations (H1-δ1N2-2002 
TTTPPT, H1-δ1N2-2002 TTTTPT and H1-γN1-classic TTPPPT). Eight genome patterns were 
shown to have significantly increased from 2009-2016, and 5 decreased significantly. Among 
those genome patterns with significant increases, H1-γN1-classic TTPPPT, H1-δ1N2-2002 
TTTTPT and H1-δ2N2-1998 TTTTPT were particularly abundant in 2016; additional data on 
abundance over time will determine whether the recent increase is supportive of a benefit to H1 
viruses with these genome patterns. Of the remaining 61 genome patterns that were not in the 
  
30 
most abundant category of genome patterns, 55 occurred fewer than 5 times over the entire study 
period, 39 were only detected prior to 2013, and 13 genome patterns were detected exclusively 
from 2014 to 2016. These may exist in under-sampled populations, or be recently emerging to be 
found at higher frequencies in the future. Based on this high level of apparent plasticity in 
reassortment constellations between TRIG-containing viruses and H1N1pdm09 in swine, other 
genome patterns may be detected in the future as the H1N1pdm09 continues to be transmitted 
from humans to swine [12]. Although our data suggests that some genome patterns may have 
selective advantage in the swine population, additional laboratory and animal experiments are 
required to determine whether these genome combinations affect important measures of viral 
transmission and fitness. 
The introduction of human seasonal IAV to swine and reassortment has been associated 
with subsequent antigenic evolution in multiple swine IAV lineages, including southern China 
[23] and Europe [24]. Multiple internal gene reassortants were detected frequently in southern 
China, but rarely detected in the European population. In the United States, the TRIG lineage 
was the predominant lineage prior to 2009. Recent records have shown that the H1N1pdm09 
viruses have reassorted extensively with other co-circulating swine IAV [21, 22] and gradually 
replaced the dominant TRIG lineage internal genes, especially the pdm-lineage M gene [22, 23, 
25]. All 8 pdm-lineage genes were detected in our study in various combinations with TRIG-
lineage genes. The detection of viruses containing all TRIG internal genes has decreased since 
2009, and the 3 whole genome patterns with a statistically supported decreasing trend contained 
100% TRIG-lineage internal genes. In contrast, the 8 whole genome patterns that were shown to 
be significantly increasing, all contained at least one pdm lineage gene. Incorporation of at least 
1 pdm-lineage gene, particularly the M gene and then the NP and PA genes, were much more 
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frequently detected after 2011. However, despite the predominance of pdm-derived M, NP and 
PA, there were frequent and consistent detections of TRIG lineage PB1 and PB2 genes, and this 
TRIG gene pair was detected within every increasing genome pattern. This may be related to the 
tightly controlled biological process of virus replication in which the PB1 and PB2 play a major 
role [26, 27]. Thus, our data suggests that a genome with TRIG PB1 and TRIG PB2 may have 
selective advantage in the swine host. 
Viruses with the HA derived from the H1N1pdm09 pandemic were detected throughout 
the entire period. However, the H1N1pdm09 HA was not found to be significantly associated 
with any other internal gene pattern and the vast majority of whole genomes were classified as 
100% pdm-lineage (i.e., H1N1pdm09N1-P PPPPPP). Most H1N1pdm09 detections in swine in 
the US appear to be reoccurring human-to-swine spillover events [12]. Our data indicate that 
following these spillovers, this HA and NA pair is less amenable to combining with reassorted 
internal genes, but continues to donate its internal genes to other endemically circulating HA and 
NA pairs. H1N1pdm09 viruses were reported to possess a higher functional balance in the HA-
NA activity in humans than in swine [28], but precisely why H1N1pdm09 viruses, which have 
replaced H1 human seasonal viruses, are infrequently found with reassorted internal genes in 
U.S. swine remains unclear. 
Although no specific genome constellations were found to be significantly present in 
particular locations, there were more genome patterns detected in the midwestern states relative 
to total reports. Factors including lack of geographic separation, density of independent livestock 
production systems, and pig movement may strongly influence the observed genome patterns 
and frequency of reassortment in this region. North Carolina in the Southeast and Oklahoma in 
the Southwest were shown to be sources of viruses of human seasonal H1-δ lineages in a 
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previous study [11], and these continue to have higher detections of the H1-δ2 HA lineage, but 
there was no apparent trend for particular NA+internal gene combinations. However, the 
majority of the data used in this study relies upon passive surveillance conducted by the USDA 
[9, 18], and consequently may reflect participation in that program rather than the true number of 
genome patterns in circulation. 
Previous papers have demonstrated that antigenic evolution was associated with 
reassortment [6, 17, 20, 21] and here we observed an increase in HA diversity concurrent with 
reassortment between the endemic H1 lineages and the H1N1pdm09. Vaccines against IAV are 
routinely used in swine in the U.S.; however, the continued presence of such a diverse population 
of swine H1 IAV may limit the effectiveness of these vaccines [18, 29-31]. Though we have no 
vaccination history corresponding with our virus genome data it is plausible to suggest that the 
increase in the number of H1 clades plus varying genome patterns will further confound vaccine 
control efforts. Additionally, given the large pool of H1 genomes that are currently in circulation, 
there is the potential for infrequently detected strains to rapidly gain the ability to replicate or be 
transmitted more efficiently via reassortment and/or mutation, 
This report revealed the dynamics of H1 swine IAV whole genome combinations in the 
U.S. collected from 2009 to 2016. The number of genome patterns increased dramatically 
following the emergence of the H1N1pdm09 in 2009 through a number of reassortment episodes. 
However, in more recent years the number of genome patterns has decreased (from a high of 29 
in 2012-2013 to 17 in 2016). From a total of 74 genome patterns across the 8 years, only 3 
genome patterns were statistically significant over the study period. Eight genome patterns were 
detected as significantly increasing and 5 genome patterns were significantly decreasing. Our 
data demonstrated that H1N1pdm09 internal genes are replacing many but not all of the TRIG 
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internal genes. Spatially, there was no association between particular genome patterns and 
collection state, but qualitatively our data revealed that midwestern states contained the largest 
number of genome patterns, consistent with population density and pig transport patterns. These 
data can inform intervention strategies to reduce such genetic diversity and the design of 
experimental studies with a goal to understand the persistence, increase, and decrease of certain 
genes and genome patterns and how they affect the phenotype of swine IAV. 
Materials and Methods  
Swine influenza A virus data set and phylogenetic analysis  
Influenza A H1N1 and H1N2 complete genomes were downloaded from NCBI’s 
Influenza Virus Resource [32] on December 16th 2016. All strains reporting mixed HA subtypes 
were removed. Genome sequences were classified by HA and NA subtype, collection state, and 
collection date. Each gene was aligned using MUSCLE v.3.8.31 [33] with default settings. The 
genes were then trimmed to coding regions, concatenated, and genomes with 100% nucleotide 
identity were removed using mothur v.1.39.0 [34].  
Following this curation process, the final set of genes were separated and maximum 
likelihood phylogenetic trees for each gene were inferred using RAxML v.8.2.4 [35] on the 
CIPRES Science Gateway [36]. We employed the rapid bootstrap algorithm, a general time-
reversible (GTR) model of nucleotide substitution and Γ-distributed rate variation among sites 
[37] . Statistical support for individual branches was estimated by bootstrap analyses with the 
number of replicates determined automatically using an extended majority-rule consensus tree 
criterion [38]. From the maximum likelihood phylogenies, virus genes were assigned to 
previously established clade designations: HA genes were identified as H1-α, H1-β, H1-γ, H1-
γ2, H1N1pdm09, H1-δ1, or H1-δ2; NA genes were identified as N1-classic, N1-pdm, N2-1998, 
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or N2-2002; and the internal genes PB2, PB1, PA, NP, M, NS were identified as TRIG (T) or 
H1N1pdm09 (P) [7, 9-11, 20]. A complete genotype was generated by combining the 
designations for all eight segments. To reduce redundancy of strains from single outbreak events 
at swine exhibitions [15, 39-41], viruses with identical genotypes collected on the same date, 
within the same state, and submitted by the Ohio State University through active swine 
surveillance swine exhibition projects were marked and grouped. From these data, a single 
randomly chosen virus from each group was included in subsequent analyses. 
Time-scaled Bayesian phylogenetic analysis  
To compare the temporal dynamics of each identified genome constellation, we 
implemented a time-scaled Bayesian approach for the HA gene. Given the deep divergence 
between the two major H1 lineages, we separated the data in two: the classical H1 lineage 
(including H1-α, H1-β, H1-γ, H1-γ2, H1N1pdm09); and the human-seasonal H1-δ lineage (H1-
δ1 or H1-δ2). For each dataset, we employed a relaxed uncorrelated lognormal (UCLN) 
molecular clock [42], a flexible Bayesian skyline demographic model (10 piece-wise constant 
groups) [43], and a general time reversible (GTR) model of nucleotide substitution with Γ-
distributed rate variation among sites [37]. The MCMC chain was run for 300 million iterations 
with subsampling every 30,000 iterations for each group. These analyses used the BEAST 
package (v1.8.4 [44]) with the BEAGLE library (v2.0.2, [45]) on the CIPRES Science Gateway 
[36]. Three independent runs were conducted for both lineages and results were combined with 
LogCombiner v1.8.4. All parameters reached convergence, assessed visually using Tracer v.1.6. 
The initial 10% of the chain was removed as burn-in, and the evolutionary history was 
summarized using an annotated maximum clade credibility tree using TreeAnnotator v.1.8.4. 
Posterior probability values were used to assess the degree of support for each node in the tree. 
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Statistical Analysis  
To uncover trends in the genotype occurrence rates over time, we examined the counts of 
each genome pattern. Genome patterns that occurred less than 5 times during the 8 year period 
were grouped together and categorized as “Miscellaneous,” leaving the counts of 𝑝 = 19 
genotypes to analyze. 
To identify the significantly more abundant genotypes in each year and overall, we 
assumed the observed counts of the genome patterns in each year were Poisson distributed with 
possibly distinct mean occurrence rates. We then hard clustered the count data to identify the 
subset of genome patterns with highest occurrence rate. Specifically, we assumed the genome 
pattern counts 𝑌&, 𝑌(, … , 𝑌&*	 for one year can be partitioned into 𝐾 groups with distinct means 𝝀. = (𝜆&		,	𝜆(, …		𝜆.).  Let 𝒞. = {𝐶&		,	𝐶(, …		𝐶5}𝒞. = {{𝐶&		,	𝐶(, …		𝐶5} be a partition of {1, 2,…, 
19}, so 	𝐶5 is the set of patterns in cluster 𝑘, then the likelihood is  𝐿 𝝀𝑲, 𝒞. 𝑌&, 	𝑌(, … , 	𝑌&*) = 	 𝑒;	<=	𝜆5>	?@∈	B=.5C& /𝑌	@! 
For a given 𝐾, we maximize this likelihood over means 𝝀. λFand partition 𝒞.CF. To 
select 𝐾, we progressively test 𝐻I:𝐾 = 𝑘 against 𝐻K:𝐾 = 𝑘 + 1 using the likelihood ratio 𝐿 𝝀𝒌+𝟏, 𝒞𝑘+1 𝑌&, 	𝑌(, … , 𝑌&*)/𝐿 𝝀𝒌, 𝒞𝑘 𝑌&, 𝑌(, … , 𝑌&*) L λk+1, Ck+1 Y&, Y(, … , Y&*)/L λk, Ck Y&, Y(, … , Y&*)as test statistic and parametric bootstrap with 1,000 replications to compute 
the p-value. P-values were adjusted for multiple tests by Holm’s method [46] and 𝐾 was chosen 
to be the first 𝑘 for which 𝐻I could not be rejected at family-wise error rate 0.05. The analysis 
was repeated for each year and the summed counts across all years. The genome patterns in the 
cluster with the maximum 	𝜆5 were considered significantly more abundant than all others.   
To identify which genome patterns significantly increased or decreased during the 8-year 
study period, we performed Poisson regression using R v.3.2.4 [47]. Let 𝑌@ be one of the 152 (8 
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years, 19 genotypes) observed genotype counts and 𝑿@T = 𝑋@,&, 𝑋@,(, … , 𝑋@,(I the predictors, 
where 𝑋@Vis 1 if the genotype is 𝑗 ≤ 𝑝, 0 otherwise, and 𝑋@,YZ&𝑋@,Y[Z&𝑋@,[Z& is the year. Then we 
regress 𝑌@	on 𝑋@ using Poisson regression with log link. In particular, we are interested in the 
coefficient of the interaction X],^_Z&𝑋@V	𝑋@,YZ&	, 1 ≤ 𝑗 ≤ 𝑝 , which indicates an increase or 
decrease in the genome patterns over time.  
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SUPPLEMENTAL FIGURES 
Table S1.  GenBank accession numbers and genome constellation information of 616 
unique H1 influenza A virus whole genome sequences obtained from from U.S. 
swine during 2009-2016. The table includes the virus strain name, subtype, 
accession numbers of all eight segments, HA clade, NA clade, and internal gene 
pattern in the order of PB2, PB1, PA, NP, M and NS. 
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Table S1 continued 
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Table S1 continued  
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Table S1 continued  
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Table S1 continued  
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Table S1 continued 
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Table S1 continued 
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Figure S1. Phylogenetic relationships of H1 swine influenza genes from 616 virus isolates 
collected in the U.S. swine during 2009-2016. The panels are in the order of PB2 (a) , 
PB1 (b), PA (c), H1 (d), NP (e), N1 (f), N2 (g), M (h) and NS (i).  Maximum 
Likelihood (ML) phylogeney trees with the rapid bootstrap alogorithm, a general 
time-reversible (GTR) model of nucleotide substitution, and Γ-distributed rate 
variation among sites were constructed for each individual gene segement. The 
lineages and clades were colored following the same scheme as Table 1. 
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(a)  
 
(b)  
Figure S2. Genome patterns detected with significant changing trends from 2009 to 2016. 
Panel A demonstrates 8 genomes that showed an increasing trend during the entire 
period according to the estimation via Poisson regression. Panel B demonstrates 5 
significantly decreasing genomes over time. The coloring scheme for genome 
patterns is described Table 1. 
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Figure S3.  State distribution of whole genome patterns separated by each H1 lineage for 
US H1 viruses, 2009 to 2016. Each column represents an accumulation of all 
NA+internal patterns by H1 lineage on the x-axis within each state separated by 
year of detection in columns. The color schemes are indicated in Table 1. 
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CHAPTER 3.  GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 
 
In this study, we identified 74 unique genome patterns of 616 H1N1 and H1N2 
viruses collected from U.S. swine population during 2009-2016. We demonstrated the 
increase of genome diversity and identified three genome patterns that were more abundant 
than the others cross the entire study period. We recognized eight genome patterns that were 
increasing and three genome patterns were decreasing significantly across the 8 year. 
Previous works reported that H1N1pdm09 viruses were repeatedly introduced into swine 
populations [1] and reassorted with pre-circulating classical and TRIG lineages [2]. 
Nevertheless, due to the high frequency of TRIG-containing viruses reassorting with 
H1N1pdm09 in swine, there additional genome patterns may emerge in the future. Therefore, 
it is necessary to continue the surveillance process and update studies with the newest data. 
From our study, we identified several reassorted genome patterns with greater 
abundance or with significant increasing or decreasing trends. One example would be the M 
gene tended to be of the pdm09 lineage more frequently while the PB2 and PB1 genes tended 
to retain a TRIG lineage. Following that, it would be interesting to recognize the 
reassortment frequency of each gene segment. Furthermore, since some gene products 
interact with each other during the viral infection cycle, it is also necessary to compare the 
reassortment rate among all the combination of genes, for example, to compare the 
reassortment frequency of polymerase genes versus the non-polymerase genes. From our 
study, the HA and NA genes tended to pair with certain internal gene combinations. It would 
be interesting to find the genetic association between HA-NA with internal genes.  
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Pandemic lineages have been established in all six internal gene segments. We have 
identified that the pandemic lineage gradually replaced the TRIG lineage in some gene 
segments, however, exactly how and why this process occurred remains unclear. Several 
related questions need to be answered: what advantage in viral fitness did the pandemic 
lineage bring? Why do matrix gene reassort with pandemic lineage more often? Why do 
pandemic viruses favor the entirely pandemic genome constellation? Further experimental 
and computational analysis are needed to answer those questions.   
In our study, we did not identify a significant correlation among collection state and 
genome patterns. One reason is that due to the high diversity of genome patterns and 
collection locations resulted in the problem of over-parametrizing. We attempted to solve it 
by grouping the states or genome patterns. Thus, a sufficient way to group the locations or 
the genome patterns would be first step to solve this issue.  
The subsequent evolution following emergence of H1N1pdm09 in multiple swine 
IAV lineages have been identified globally including southern China [3] and Europe [4]. The 
frequency of multiple internal gene reassortment events varied among locations, with 
southern China being the mostly frequent, Europe being the least and U.S. in the middle [3-4]. 
Despite the geographic differences, it may bring more insights to the global evolution of 
swine IAV to compare the U.S. genome diversity with Asian and European swine 
populations.  
In our study, we only obtained data for the viral genome, collection location and 
collection time. Other potential factors may exist that could contribute to the evolution of 
swine IAV. For example, vaccines programs may decrease the abundance of homologous but 
not heterologous strains [5]; interstate swine movement may facilitate the migration of some 
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strains [6]. Though challenging, it may bring deeper understanding of the swine IAV 
evolutionary process to combine phylogenetical studies with those listed factors.   
Phylogeny has been broadly applied in the field of virology and epidemiology. The 
technology of phylogeny is also being updating constantly. The parameters we implemented 
in our study were suitable for our data, however, we may also consider adapting other 
methods into the study as well. There are many methods, such as phylogeny super-tree [7] 
and phylogenetic network studies [8]. Supertree assembles a combination of smaller 
phylogenetic trees and present a single phylogenetic tree. This method can be applied to 
construct a joint phylogenetic tree of concatenated internal genes.  Phylogenetic networks 
provide an alternative way of visualizing a collection of phylogenetic trees. This method can 
be used to visualize the phylogenetic trees of internal genes in-group. Though may not be the 
most applicable and suitable methods, it may provide interesting results to at least attempt 
those methods with our data.  
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APPENDIX   
R CODES FOR THE STATISTICAL ANAYLSIS 
 
Part I: Selection of genome patterns with greater abundance 
B <- 10 
LR <- NULL 
K<-5 
 
#The loops for parametric bootstrapping  
fit <- kmeans(x = yrct[,2] ,5) 
for (i in 1:B) { 
  y <- NULL 
  for (k in 1:K) { 
    y <- c(y, rpois(sum(fit$cluster==k), lambda=mean(yrct[,2][fit$cluster==k]))) 
  } 
  h0 <- maximize(y, K)    # this is your code for finding the optimal partition 
  h1 <- maximize(y, K+1) 
  # assume maximize returns list with ln.likelihood one element 
  LR[i] <- h0 - h1 
} 
LR.obs<-maximize(yrct[,2], K)-maximize(yrct[,2], K+1) 
p.value <- 1-mean(LR >= LR.obs)   # LR.obs is the likelihood ratio computed on the original 
data 
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# The function returns the group with the largest group mean  
maximize=function(data,k){ 
  d<-combinations(18,k-1) 
  tempMax<-(-Inf) 
     groupIndex<-0   
     for (j in 1:nrow(d)){ 
        partitions<-rep(1:k, c(d[j,],19)-c(0,d[j,])) 
        templl<-maxll(data,partitions) 
         if (templl>tempMax){ 
           groupIndex<-j 
             tempMax=templl 
           } 
       } 
     finalPartition<-rep(1:k, c(d[groupIndex,],19)-c(0,d[groupIndex,])) 
     return (tempMax) 
   } 
 
 
# The function returns the final parition with the maximum likelihood 
maxll=function(d,partitions){ 
  lambda<-NULL 
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  ll<-0 
  n<-length(d) 
  for(k in 1:max(partitions)){ 
    lambda[k]<-mean(d[partitions==k]) 
    ll<-ll+sum(dpois(d[partitions==k],lambda=lambda[k], log=TRUE)) 
    #ll for all the estimates in the cluster  
  } 
  return(ll) 
} 
 
Part II: The R codes for recognizing genome patterns with significant changes 
 
# Read the input file 
gp1<- read.csv("poisson_h1.csv") 
# Set the collection year as a numeric factor 
gp1$Year<-as.numeric(gp1$Year) 
# The regression function: 
#  
fit0=glm(count~genome+as.factor(Year)+Year:genome+0, data=gp1, family=poisson) 
 
 
 
 
 
